Most models put forward to explain cellular processes do not stand the test of time. The 'lucky' few that are able to survive extensive experimental tests and peer critique may eventually become dogmas or paradigms. When this happens, the amount of experimental data required to overturn the paradigm is extensive. To some, such inertia may seem prohibitive to scientific progress but rather, in our opinion, this helps to maintain a degree of coherence. It is needed so that experiments and interpretations may be conducted within relatively safe boundaries. In the field of protein transport in the secretory pathway, we have enjoyed a relatively stable and productive period for quite some time (more than 30 years!). It is only very recently that the field has entered into a phase where all bets seem to be off. As in any paradigm shift, the accumulation of experimental observations inconsistent with the old dogma eventually reached a critical point. As we 'reluctantly' dispense with the long-standing paradigm of forward vesicular transport, we face a time that is bound to be trying as well as exciting.
ternal maturation model was formulated depicting Golgi cisternae as carriers of newly synthesized proteins en route to the plasma membrane (1) . In this model, cisternae continuously form at the cis side, mature progressively in the cis to trans direction and at the trans side, disintegrate to release the newly synthesized proteins for further transport (see Figure 1) . As the cisternal maturation model was entirely based on electron microscopy, such a dynamic model was understandably difficult to verify. Also, as intracellular transport could be shown not to depend on protein synthesis (2) , the idea that accumulation of newly synthesized proteins could be the driving force for continuous reformation of cisternal membranes seemed unlikely. Eventually, the model succumbed to a more static view of the pathway where each major membrane structure is seen as a stable and preexisting compartment.
Based on the notion that the Golgi stack appears as a regular structure, investigators early on suggested that this structure serves as an ideal platform over which protein and lipid modifying enzymes could be arranged in an orderly fashion (3) . Others later proposed that each cisterna contains specific subsets of enzymes arranged such that they can act on the newly synthesized proteins and lipids in a sequential manner as these pass through the organelle (4) . Small vesicles seen in abundance between the ER and the Golgi and close to the Golgi stack were proposed to serve as transport carriers moving the newly synthesized proteins across the ER/Golgi boundary and between adjacent Golgi cisternae. In agreement, biochemical fractionation and immuno-electron microscopy confirmed that glycosylation enzymes (as well as other marker molecules, e.g., thiamine pyrophosphatase) indeed localize in different parts of the stack in a manner nicely reflecting a stepwise maturation of N-linked oligosaccharides [for review, see (5) ]. Some anterograde cargo could also be observed in vesicular structures close to the Golgi stack (6) . The vesicular transport model as we know it was born. What followed has been an unprecedented molecular elucidation of the secretory pathway combining yeast genetics, morphology, and in vitro complementation assays to identify most of the key components that we today take for granted (7, 8) .
The vesicular transport paradigm was further strengthened by the characterization of two different types of transport vesicles termed COPI (9) and COPII (10) . COPII vesicles were shown to transport newly synthesized proteins out of the ER. COPI vesicles were interpreted to mediate transport between adjacent Golgi cisterna. The vesicular transport model can thus be summarized as vectorial vesicular transport from the ER and between adjacent cisternae where each compart- Newly synthesized proteins concentrate and exit the ER via COPII vesicles. In A: Following uncoating, vesicles and other membranes coalesce to form vesicular tubular clusters (VTCs), which travel along microtubules towards the central and juxta nuclear Golgi apparatus. This event takes place from 100 or so peripheral ER exit sites. In B: At the Golgi apparatus, the VTC becomes the new cis cisterna. The previous cis cisterna then becomes the medial cisterna, and so on. The anterograde progression of the Golgi cisterna is offset by COPI vesicles which move glycosylation enzymes and other Golgi-resident proteins from cisterna to cisterna in the opposite direction. At the trans side, cisternae disassemble, releasing cargo for the plasma membrane or the endocytic pathway. The remaining trans cisterna is then possibly consumed by the ER at the 'GERL' via a COPI-independent but rab6-dependent Golgi-to-ER recycling pathway. ment exists as stable and pre-existing structures having unique compositions in terms of enzymatic activities. These compartments must (at least at some level) remain intact during partitioning in mitosis to give rise to new compartments and organelles. In stark contrast, the cisternal maturation model predicts that cisternae continuously form from the ER and, therefore, that the Golgi is a self-forming organelle. In this model, the need for partitioning pre-existing structures in mitosis is therefore of less importance.
Major Headaches and Shocks to the Vesicular Transport, Stable Compartment Paradigm
In any vectorial transport process, there is the problem of how to balance the flow of membranes, e.g. how to counteract the forward flow of proteins and lipids. In secretory cells, such as exocrine pancreatic cells, during the formation of secretory granules, cargo undergoes extensive condensation. As a consequence, the ratio of cargo-to-membrane surface increases dramatically, giving rise to excess membrane. A massive membrane surplus (50-fold) was estimated at the boundary between the Golgi and the secretory granules (11) . It was suggested that such excess membrane was removed via a specialized region of the ER termed GERL (Golgi-ERLysosomes) (12) interdigitating the trans part of the Golgi. This idea was discounted on the basis that the ER was unlikely to contain such a highly differentiated appendix. However, ER interdigitation with the trans-most cisterna is supported by several independent studies [see, for example (13, 14) ]. Although the full details of the GERL concept may not be experimentally supported as such, the possibility that membrane adsorption/recycling takes place at an ER interface remains. During the same time period when the GERL was suggested, a different membrane recycling mechanism was put forward where bi-directional vesicles would act like 'shuttles' between the ER and the Golgi apparatus (15) .
The idea of bi-directional vesicles was later extended by Rothman in a review postulating that the Golgi stack serves as a distillation tower progressively refining secretory cargo 523 Traffic 2002; 3: 521-529 away from the resident proteins of the ER and the Golgi cisternae (16) . This model predicts extensive recycling of ER components from the Golgi apparatus. To test this, Rothman and colleagues examined the extent of post-ER modifications that could be found on N-linked oligosaccharides of ER-resident proteins (17) . However, only low amounts of post-ER modifications could be observed, suggesting that ER-resident proteins access the Golgi only to a minor extent. This was interpreted as indicating that no or little cycling takes place between the ER and the Golgi apparatus. With the subsequent discovery of recycling motifs, the idea of membrane balance/recycling was revisited and verified experimentally. These signals are present on many lumenal (18) as well as trans membrane proteins (19, 20) of the ER and have been shown to be necessary as well as sufficient for retrieval from the Golgi back to the ER. Recycling signals provided mechanistic means to distinguish the constituents of the pathway from anterograde cargo. However, the machinery mediating recycling remained unclear.
The observation that coatomer subunits of the COPI coat bind to the cytoplasmic retrieval signal, K(X)KXX, provided a crucial insight (21) . In yeast, reporter molecules bearing this motif were lost from the exocytic pathway to the vacuole when expressed in cells mutated in a-COP, a subunit of the COPI coat (22) . Together, these observations provided a firm mechanistic link between COPI vesicles and recycling. This did not rule out a role for COPI vesicles in forward transport, but immediately begged the question how the same coat could perform distinct functions. Though suggestions for bidirectional COPI vesicles have been made, in vitro experiments to directly test this have failed to reveal the presence of anterograde COPI vesicles, at least at the level of the Golgi stack (23) . The discovery that COPI [through binding to K(X)KXX] mediates recycling marked a turning point in the field and helped to address part of the problem of membrane balance, at least at the ER to Golgi boundary.
Another hallmark of the vesicular transport, stable compartment paradigm (born out in part from the idea that the Golgi apparatus serves as a distillation tower) is that newly synthesized proteins enter anterograde transport vesicles (COPI and COPII) by default. This idea of a 'bulk flow' was in part supported by experiments using synthetic tripeptides (24) . However, later studies revealed that, in fact, newly synthesized proteins are concentrated upon ER export (25, 26 ). This appears to be a signal-mediated process and, indeed, several ER export motifs have now been identified (27) (28) (29) . The findings of cargo concentration upon ER export have had a profound effect on the field, as this eroded yet another pillar (the bulk flow hypothesis) of the vesicular transport, stable compartment paradigm. What then remained?
The vesicular transport, stable compartment paradigm predicted that each compartment (e.g. cisterna) is stable, preformed and that it contains a specific subset of modifying enzymes. We will discuss stable vs. self-forming compartments more extensively below, but one major finding de-serves to be mentioned here. This is the dramatic and catastrophic collapse of the Golgi apparatus into the ER upon addition of the fungal metabolite, Brefeldin A (BFA) (30, 31) . To most, this finding revealed an unanticipated dynamic aspect of the Golgi apparatus. Added to this was the observation that each cisterna does not appear to contain distinct sets of modifying enzymes. Rather, enzymes distribute as gradients over several cisternae of the stack (32, 33) . Thus, each cisterna could no longer be viewed as a discrete biochemical compartment. The dynamic property of the Golgi revealed by BFA, combined with the lack of bulk flow, the surprising role of COPI in recycling and the findings of enzyme gradients, have all helped to make the vesicular transport model less viable as a working model or paradigm. What were then the alternatives?
One of the main arguments put forward in favor of the cisternal maturation model is that it explains how large macromolecular complexes, too large to fit into vesicular intermediates, could make it through the Golgi complex. Studies on cell wall/scale formation in algae (34) had revealed a gradual maturation of the cargo in the cis to trans direction. Here, scales the width of the entire stack, seemingly form inside the lumen of the Golgi cisternae (35) . In mammalian cells, studies on collagen revealed large parallel fiber-like structures forming towards the trans cisternae (36) . In retrospect, it is difficult to understand how so many in the transport field managed to ignore such striking data for such a long period of time. It is interesting to note that in the plant Golgi field, there has been more support for the cisternal maturation process for quite some time (37) .
Cisternal Maturation as the New Paradigm?
We now turn more fully to the cisternal maturation hypothesis. In this model, membrane recycling is the driving force for membrane balance as cisternae continuously form out of the ER and move in a cis to trans direction. Modifying enzymes and other constituents would quickly be lost if they were not continuously recycled. Recycling driven maturation implies the presence of Golgi-resident enzymes in recycling vesicles (and/or tubules). This has proven to be a proposition for which supporting evidence has come only recently. At the end of the 1990s, small, pleiomorphic, non-cisternal structures high in Golgi enzymatic activity were isolated from tissue culture cells (38) . These were interpreted to be recycling carriers. Also, it could be shown that the in vitro Golgi complementation assay (8) , assumed to measure the transport of VSV-G proteins from N-acetylglucosaminyltransferase I (GlcNAc-T1)-deficient 15B Golgi membranes, actually measures COPI-dependent transport of GlcNAc-T1 from the wild-type membrane to the VSV-G containing 15B membrane (39) . In other words, this complementation assay measures COPI-dependent, intra-Golgi recycling. where GTP hydrolysis is permitted were shown to contain large amounts of mannosidase II and other Golgi-resident proteins, but only low amounts of anterograde cargo (40) . Incorporation of glycosylation enzymes was found also to be dependent on GTP hydrolysis. Previous studies examining the cargo content of COPI vesicles had mainly been carried out using vesicles formed in the presence of the non-hydrolyzable analog, GTPgS. This negative GTPgS effect on sorting has also been observed in vivo (41) , and provides a plausible explanation for why glycosylation enzymes in COPI vesicles were missed previously. In an in vivo assay, careful morphometric analysis of immunoelectron microscopy labeling also revealed mannosidase II but not cargo proteins in COPI vesicles (42) , as do studies showing exclusion of serum albumin from budding COPI vesicles (43) . Consistent with recycling at multiple levels of the Golgi apparatus, more than one population of COPI vesicles has been observed, each containing different resident proteins (23, 42) . Also, recent studies on the anterograde transport of collagen and of VSV-G show that both appear to be excluded from COPI vesicles and to travel through the Golgi apparatus at the same rate as the cisternae mature (44) . Together, these observations point to a major role for COPI vesicles in recycling, both from the Golgi to the ER and between adjacent cisternae of the stack, and for cisternae serving as carriers of the newly synthesized cargo.
So, are we then returning to the old cisternal maturation model? For the time being, the predictions of the cisternal maturation model [for listing, see (45)], such as glycosylation enzymes accumulation in COPI vesicles, appear consistent with most data but, as in the vesicular transport model, not with all data. There are still unresolved issues. For example, electron microscopy studies by Orci and colleagues found no evidence for the presence of mannosidase II in COPI vesicles. Rather, they concluded that mannosidase II is excluded from vesicles, whereas VSV-G protein is included (46, 47) . More than one population of COPI vesicles could also be detected, one representing anterograde vesicles, and the other recycling intermediates (46) . There is also the issue of formally proving the existence of COPI and COPII vesicles. Vesicles have been seen in abundance tethered to Golgi cisternae (48) . However, even when extreme care has been taken to preserve ultrastructure (14) , their very existence (and role in transport) is being questioned. Furthermore, the incidence of vesicles varies greatly between cell types. In HeLa and COS cells, studies have failed to reveal large numbers of vesicles. In contrast, dedicated secreting cells, such as HIT cells, seemingly contain thousands of vesicles. This 'discrepancy' may reflect cell-specific differences in steady-state population of vesicles that can be observed, rather than differences in transport modes per se (e.g. transport through tubular connections rather than vesicles). Further work will be needed to resolve this and related issues.
Variations of the cisternal maturation model have also been put forward. One suggestion has been to merge the vesicular transport model with the cisternal maturation model (this The Golgi Apparatus: Balancing New with Old mainly to depolarize the field). Here, anterograde and retrograde cargo enter COPI vesicles seemingly at random, while the cisternae mature (49) . Vectorial transport could take place in this 'percolation' model, but its main problem is a lack of experimental support (see above). It was suggested also that yeast relies more heavily on cisternal maturation than do mammalian cells. However, yeast cytosol can successfully drive COPI-dependent transport in mammalian cells, in vitro (50) making this an unlikely scenario. Another suggestion is that all compartments of the secretory pathway are connected via continuous and discontinuous tubules. This model was put forward already in the early 1970s and offers an alternative to vesicles in transfer of material across membrane boundaries (51) (52) (53) . A variation on this was recently outlined envisaging the secretory pathway as a larger tubular continuum with two discontinuous gates in place, one between the ER and the Golgi, and the other between the Golgi and the TGN (54) . Indeed, recent work shows that transport of material can take place along tubules (55, 56) . However, vesicles as well as tubules appear to coexist in the pathway (57). How they relate to each other, mechanistically, and to what extent they contribute to different transport events is not yet known.
To summarize, we suggest that the cisternal maturation model is a better working paradigm for the field, at least for the immediate time. COPI vesicles have been clearly implicated in recycling, and cisternae in the transport of newly synthesized proteins (and lipids). The issue of a continuous self-formation process, a logical extension of the cisternal maturation process, however, has not yet been discussed.
For that, we turn to a recently discovered pathway for protein and lipid recycling.
A Pre-Existing vs. a Self-Forming Golgi Apparatus
Upon COPII-dependent ER export, newly synthesized proteins can be found in what are often termed vesicular tubular clusters (VTCs). This structure was identified first upon subjecting cells to a temperature block at 15 aeC (58). It was suggested that this structure served as the first step in the maturation process whereby the VTC, en route to the central Golgi, would mature to become a cis cisterna (Figure 1) . Later, the VTC was suggested to be a stable pre-existing structure that served as an ER-to-Golgi intermediate compartment (ERGIC) (59) . Though a highly dynamic nature had already been suggested from electron microscopy studies (60), it was not until the advent of the green fluorescent protein (GFP) that this aspect of the VTC could be fully revealed (61, 62) . We now know that VTCs travel along microtubules from the periphery of the cell towards the central Golgi. En route, the newly synthesized proteins are concentrated through COPI-dependent segregation and removal of resident proteins (63, 64) , essentially confirming one of the predictions of the cisternal maturation model, a gradually maturing ER-to-Golgi membrane structure. How is the VTC then formed? For now, 525 Traffic 2002; 3: 521-529 whether or not the VTC form through fusion of ER-derived material or are nucleated about some stable core is an open question. In the remainder of this section, we consider various approaches to investigating this question.
Almost four decades ago, experiments with microtubule depolymerizing drugs indicated that the juxtanuclear position of the Golgi apparatus in many mammalian cells is highly dependent on microtubules. The key observation here was that microtubule depolymerization leads to Golgi fragmentation; the Golgi apparatus is scattered into shortened cisternal stacks located at many peripheral sites, as shown by electron microscopy (65) . In general, such experiments were interpreted as fragmentation of a stable, pre-existing, interconnected Golgi structures into individual stack units that then migrated to distal sites. We now know that Golgi fragments, or indeed, individual stacks, are unlikely to diffuse through the cytosol due to the high viscosity of the cytosol.
Rather, relocation appears to be an active process, which surprisingly, involves the ER. Live cell imaging and a clever entrapment strategy showed that Golgi-resident proteins continuously cycle from the juxtanuclear Golgi to the ER, only to emerge at or near ER exit sites (66, 67) . When ER-to-Golgi transport is inhibited by nocodazole, small but functionally intact Golgi stacks rapidly form at distal sites, suggesting that the Golgi stack is capable of self-formation, at least partially. These peripheral Golgi stacks are likely to originate from the ER exit site containing transitional ER, a term first introduced by Palade (4), as indicated by their inhibited formation when ER exit is blocked (66) . The possibility of Golgi self-formation can be drawn also from BFA washout experiments where Golgi stacks rapidly form upon release of Golgi-resident proteins from the ER. Indeed, studies on Golgi inheritance in yeast suggest that early Golgi elements emerge out of the ER (68), and formation of peripheral Golgi stacks in mammalian cells is seemingly preceded by formation of new ER exit sites (69) . Thus, the structural state of the Golgi apparatus appears to be closely related to transitional ER.
Yet data from such experiments do not exclude the possibility of a pre-existing template for Golgi assembly. That a template exists is based on the observation that Golgi stacks are embedded in an organizing 'ground substance' (70), free of ribosomes (later termed 'zone of exclusion'). Also, an identifiable Golgi-related, clustered set of vesicles remains after BFA treatment (71) (72) (73) . It has been proposed that this serves as templates onto which new Golgi can form. Matrix proteins have indeed been identified and collectively been proposed to serve as stacking proteins and/or molecular rulers. The first such protein to be identified, GM130, was isolated from a detergent and salt-resistant Golgi 'matrix' fraction. Upon BFA treatment, GM130 relocates into scattered peripheral structures rather than into the ER consistent with a matrix serving function (74) . Also, its juxtanuclear location appeared relatively resistant to an ER exit block (75) , though more recent studies point towards a more dynamic behavior of GM130, including relocation to the ER (76, 77) . In retrospect, this may not be so surprising. Cis proteins such as the KDEL receptor, Figure 2 : The Golgi apparatus is dependent on protein cycling but not on continuous protein synthesis. In A: HeLa cells were microinjected with a plasmid encoding a dominant negative Sar1p (asterisks, ER exit block). A Golgi glycosyltransferase, here a VSV-G epitope tagged GalNAc-T2, redistributes to the ER as indicated by peri-nuclear staining. In non-injected cells (arrowhead), a compact, juxtanuclear Golgi apparatus distribution is seen. In B: Cycloheximide (CHX at 100 mg/ml) is used to block protein synthesis and the Golgi apparatus structure is maintained as indicated by immunofluorescence staining of the VSV-G epitope tagged GalNAc-T2.
p58/ERGIC53 and members of the p24 protein family, do not show typical ER distribution upon BFA treatment. In fact, 15 aeC and/or BFA treatment are commonly used as an indicator to reveal cis Golgi localization, as this gives rise to relocation to peripheral structures. That GM130 does not show typical ER distribution upon BFA treatment is consistent with its more recently reported cis localization. The same argument applies to other tethering molecules of the cis Golgi, such as p115 and GRASP65. That this is a likely interpretation is supported by the observation that when establishing an ER exit block using a GDP-restricted mutant of Sar1p, ER exit sites can no longer form (77) . Under these conditions, GM130 and other marker proteins now become evenly distributed throughout the ER.
The issue of pre-existing templates or self-formation may to some extent be resolved by establishing to what extent peripheral structures seen upon BFA treatment or upon ER exit block correspond to ER exit sites, or whether they are truly discontinuous with the ER. If they are continuous with the ER, they may be seen as the first step of the maturation process. In contrast, if they are separated from the ER, it will be difficult to reconcile this with the idea that Golgi membranes are outgrowths of the ER (be it COPII vesicles and/or larger membrane structures). In support of outgrowths, recent in vitro experiments suggest that tubular transitional ER elements, such as those originally indicated by Palade (4), can give rise to VTCs in the absence of Golgi membranes (78) . This possibility is supported by experiments using permeabilized cells suggesting that the VTC may well comprise part of an overall ER exit complex (79) . Along similar lines, experiments have been performed asking whether it is possible to generate a functional Golgi apparatus, de novo, using only ER as starting material. Cell surgery experiments in which ER containing cytoplasts free of Golgi stacks were created, suggest that the cell is unable to form a Golgi, de novo (80) . However, this experiment may have been unfair (to the cell) as the level of synthesis of most Golgi-resident proteins is very low, raising the possibility that the cytoplast (devoid also of the nucleus) was unable to generate enough material to build a new Golgi, even if it tried.
Mitosis -Divide and Conquer
The issue of self-formation vs. a pre-existing template becomes more pointed when we turn to mitosis. Here, the typical juxtanuclear mammalian Golgi apparatus must be distributed evenly into the two daughter cells. On the basis of fluorescence and electron microscopy data, it was argued that the Golgi apparatus undergoes complete fragmentation and vesicularization during mitosis, resulting in mitotic clusters. These are then segregated into the respective daughter cells (81) . More recent data, however, indicate that the fragmentation process is incomplete, and that perhaps a more ordered inheritance strategy is used (82) . A relationship between the Golgi and the ER in this process cannot be ruled out, as mitotic clusters are invariably seen in close proximity to the ER. The number of mitotic clusters is also consistent with the number of peripheral Golgi stacks seen upon addition of nocodazole in interphase cells. Indeed, data based mainly on live cell imaging suggest that the entire Golgi apparatus is absorbed into the ER during mitosis (83) . However, this work suffers from a limitation of GFP, in that it folds more slowly than native molecules, giving rise to a larger than expected pool of proteins in the ER (84) . Appreciable ER accumulation was observed by time-lapse over only a limited time-window during mitosis (83) , meaning that its recognition by electron microscopy or cell fractionation would be difficult. Absorption into the ER is still an open possibility. If
The Golgi Apparatus: Balancing New with Old true, it will be inconsistent with the vesicular traffic, stable compartment paradigm.
That the Golgi apparatus would be intimately related with the ER is not far fetched (85) . Besides the constant COPI-dependent recycling of proteins from all levels of the pathway, Golgi proteins can also recycle to the ER by a COPI-independent mechanism (see Figure 2 ). This recycling is independent of protein synthesis, relatively slow compared to COPI-dependent recycling and has a half-time of ϳ1.5 h. COPI-independent recycling gives rise to an ER pool of several Golgi glycosyltransferases that has been estimated to be at most 5% of the total enzyme population (66, 84) . Distributed over at least a 10-fold larger surface area, this pool is too low to cause significant glycosylation of ER-resident proteins (17) and, therefore, to upset the ER quality control machinery which depends crucially on the absence of complex N-linked oligosaccharide modifications (86, 87) . The COPI-independent pathway corresponds to the above recycling pathway revealed upon nocodazole treatment or temperature entrapment, and is characterized by a clear independence of treatments which inhibit COPI function but a dependency on rab6, a small GTPase (88, 89) . That this ER recycling operates in the absence of any perturbations is supported by the observation that Shiga toxin is transported from the Golgi apparatus to the ER by the same COPI-independent, rab6-dependent pathway (88, 89) . Also, depletion of a Golgi matrix protein such as golgin-45 results in the ER accumulation of NAGT-I, a medial Golgi glycosyltransferase (90) , presumably due to recycling and a matrix-specific block of Golgi apparatus reassembly.
General Conclusions and Perspectives
In summary, the evidence revealing a dynamic nature of the Golgi apparatus structure is permissive for the cisternal maturation paradigm. There is general agreement today that integral membrane proteins such as glycosylation enzymes cycle between the Golgi apparatus and the ER, indicating a close relationship between these two organelles. The issue of preexisting vs. self-forming structures is still open. At the fundamental level, it is asking the question whether there is a predetermined plan of how to build the Golgi or whether its shape and function arise simply through molecular interactions. Examples of complex biological patterns and shapes formed through molecular interactions and energy dissipation can be found in recent elegant work on microtubules and spindle formation (91) . Whether or not nature has extended this to the secretory pathway remains to be seen.
